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It has  long  been  assumed  that the  main  function  of the  mammillary  bodies  is to provide  a  relay  for
indirect  hippocampal  inputs  to the  anterior  thalamic  nuclei.  Such  models  afford  the mammillary  bodies  no
independent  role  in memory  and  overlook  the  importance  of  their  other,  non-hippocampal,  inputs.  This
review  focuses  on  recent  advances  that  herald  a new  understanding  of  the  importance  of  the  mammillary
bodies,  and  their  inputs  from  the  limbic  midbrain,  for anterior  thalamic  function.  It  has  become  apparent
that  the  mammillary  bodies’  contribution  to memory  is  not  dependent  on  afferents  from  the  subicularnterior thalamic nucleus
iencephalon
udden’s tegmental nuclei
earning and memory
ammillary bodies
complex.  Rather,  the  ventral  tegmental  nucleus  of Gudden  is  a vital  source  of  inputs  that  support  memory
processes  within  the  medial  mammillary  bodies.  In  parallel,  the  lateral  mammillary  bodies,  via their
connections  with  the  dorsal  tegmental  nucleus  of Gudden,  are  critical  for generating  head-direction
signals.  These  two  parallel,  but distinct,  information  streams  converge  on  the  anterior  thalamic  nuclei
and  support  different  aspects  of spatial  memory.ammillothalamic tract ©  2014  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/3.0/).
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. Introduction
The anterior thalamic nuclei, a core component of Papez’ cir-
uit, are assumed to form a vital node within a network of related
∗ Corresponding author. Tel.: +44 0 29 2087 6692.
E-mail address: vannsd@cardiff.ac.uk (S.D. Vann).
ttp://dx.doi.org/10.1016/j.neubiorev.2014.07.025
149-7634/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article ustructures that support memory and cognition. Evidence for this
assertion comes from the ﬁnding that damage or disconnection of
the anterior thalamic nuclei is consistently associated with antero-
grade amnesia in humans and profound learning and memorymmillary body inputs contribute to anterior thalamic function?
.2014.07.025
impairments in rodents (e.g. Aggleton and Sahgal, 1993; Aggleton
and Brown, 1999; Carlesimo et al., 2011; Harding et al., 2000;
Jankowski et al., 2013). The anterior thalamic nuclei receive inputs
(often reciprocal) from a complex array of cortical and subcortical
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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tructures; as such, understanding the importance of this circuitry
epresents a vital step towards uncovering anterior thalamic nuclei
unctions. Given the extensive direct and indirect hippocampal-
nterior thalamic interconnections, as well as the undeniable
mportance of the hippocampus itself for memory, it is perhaps no
urprise that there has been particular focus on the signiﬁcance of
he projections from the hippocampus, via the fornix, for anterior
halamic function (e.g. Aggleton and Brown, 1999). Dense inputs to
he anterior thalamic nuclei also arise from the mammillary bod-
es, reaching the anterior thalamus via the mammillothalamic tract
Cruce, 1975; Seki and Zyo, 1984; Vann et al., 2007) (Fig. 1). These
ammillary body efferents are particularly striking, as it appears
hat almost every neuron within the mammillary bodies projects
o the anterior thalamic nuclei (Guillery, 1955; Vann et al., 2007;
ggleton et al., 2010). Yet, the separate functional signiﬁcance of
hese mammillary body inputs to the anterior thalamic nuclei has
ften been overlooked (Vann, 2010).
Indeed, most accounts of mammillary body function, and by
nference the mammillary body-anterior thalamic axis, again
ighlight the importance of hippocampal connections to this
egion, such that the mammillary bodies are often referred to as
 constituent of an ‘extended hippocampal system’ that simply
elay hippocampal inputs to the anterior thalamus (e.g. AggletonPlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
nd Brown, 1999; Delay and Brion, 1969; Gaffan, 1992). Apparent
upport for this position comes from evidence that, like the
ippocampus and anterior thalamus, damage to the mammillary
odies and their thalamic projections can result in memory
ig. 1. A Semi-schematic diagram showing the major afferent and efferent connection
rrows: The medial mammillary nuclei, comprising pars medialis (MM) and pars lateral
ostcommisural fornix (dPCF)) and prefrontal cortex, and have reciprocal connections wit
Tg/DTG → mammillary bodies) and the mammillotegmental tract (mtg; mammillary bod
nd  the dorsal tegmental nuclei of Gudden (DTG) via the same respective pathways. In a
edial  septum; Anterior thalamic nuclei inputs are represented by red arrows: The maj
ia  the mammillothalamic tract (MTT). Anterodorsal (AD) and laterodorsal (LD) thalamic 
nteroventral (AV) and anteromedial (AM) thalamic nuclei, all of which are largely via t
nterpretation of the references to color in this ﬁgure legend, the reader is referred to the PRESS
ehavioral Reviews xxx (2014) xxx–xxx
impairments in both humans and rodents (e.g. Gudden, 1896;
Carlesimo et al., 2007; Van der Werf et al., 2003a,b; Vann and
Aggleton, 2003; Yoneoka et al., 2004). The unidirectional nature
of subicular complex inputs to the mammillary bodies, and thence
to the anterior thalamic nuclei, might also appear to be consistent
with the notion of an ‘extended hippocampal system’ (Aggleton
et al., 2005). This account has two  major shortcomings. First, it
ascribes no independent role to the mammillary body-anterior tha-
lamic axis, thereby effectively rendering it redundant and second,
it completely overlooks the non-hippocampal inputs to the mam-
millary bodies that originate predominately in the limbic midbrain.
Recent advances in our understanding of the mammillary bod-
ies and their thalamic projections challenge hippocampal-centric
models of memory. By revealing a role for the mammillary bod-
ies in mnemonic processes that is independent of its inputs from
the subicular complex, this work heralds the need to look beyond
the hippocampus and consider a wider network of structures that
may  contribute to mammillary body, and in turn anterior thala-
mic  nuclei, function. These advances in our understanding of both
the anatomical and functional properties of the mammillary bod-
ies and the implications for diencephalic, and in particular anterior
thalamic contributions to cognition, will be the focus of this review.mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
2. Anatomy
The mammillary bodies comprise two main subregions: the
medial and lateral nuclei. In turn, the medial mammillary bodies
s of the mammillary bodies. Mammillary body inputs are represented by green
is (ML) subdivisions, receive input from the dorsal subiculum (via the descending
h the ventral tegmental nuclei of Gudden (VTG), via the mammillary peduncle (mp;
ies → VTG/DTG). The lateral mammillary nuclei are innervated by the postsubiculum
ddition, both medial and lateral mammillary body nuclei receive inputs from the
or efferent projection of the mammillary bodies is to the anterior thalamic nuclei,
nuclei both receive postsubicular inputs while the dorsal subiculum projects to the
he fornix. In turn, AM has reciprocal connections with the prefrontal cortex. (For
 web  version of this article.)
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Fig. 2. Semi-schematic diagram showing the neural connectivity that is thought to underlie theta (left; blue) and head-direction (HD; right; red) systems. Theta rhythm
(blue):  Cells within the medial mammillary nuclei (comprising pars medialis (MM) and pars lateralis (ML) subdivisions), as well as the anteroventral, (AV) and anteromedial
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eAM)  thalamic nuclei exhibit oscillations at a frequency of theta (4–10 Hz). Head-d
uclei  (LM) → anterodorsal thalamic nuclei (AD) connectivity is thought to underlie
gure  legend, the reader is referred to the web  version of this article.)
an be further divided into pars lateralis and pars medialis.
lthough there are differences in cell morphology between the
edial and lateral nuclei, there appears to be only one cell type in
ach nucleus (Veazey et al., 1982). All the cells in the mammillary
odies appear to be projections cells and there are no apparent
nterneurons (Takeuchi et al., 1985; Veazey et al., 1982).
.1. Connectivity
In contrast to other structures within Papez’ circuit, the mam-
illary bodies have major connections with only a limited number
f sites. As these connections are principally via major ﬁber tracts,
elective disconnections of mammillary body inputs and outputs
re possible. For example, transection of the mammillothalamic
ract selectively disconnects mammillary body inputs to the ante-
ior thalamic nuclei (see Fig. 1) and, thus, allows a direct assessment
f mammillary body contributions to anterior thalamic function. It
s beyond the scope of this current review to provide an exhaustive
ccount of mammillary body anatomy (see Vann, 2010). Rather,
e will focus on those aspects of mammillary body anatomy that
re particularly germane to anterior thalamic function.
The principal direct inputs to the mammillary bodies are from
he hippocampal formation via the descending component of the
ostcommissural fornix and from the tegmental nuclei of Gudden
ia the mammillary peduncle. In turn, the mammillary bodies
roject via the mammillothalamic tract to the anterior thalamicPlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
uclei and project back to the tegmental nuclei of Gudden (via the
amillotegmental tract). The lateral and medial nuclei are con-
ected to the same overall structures but, within those structures,
ach mammillary nuclei is connected with a different sub-regionon system (red): Dorsal tegmental nucleus of Gudden → lateral mammillary body
D and angular velocity systems. (For interpretation of the references to color in this
to form two  parallel systems (Vann and Aggleton, 2004; Hopkins,
2005) (Fig. 1). In terms of the hippocampal formation, the medial
mammillary nuclei are innervated by projections arising in the dor-
sal, ventral and intermediate subiculum and the medial entorhinal
cortex, while the lateral mammillary body nuclei receive inputs
from presubiculum, parasubiculum and postsubiculum (Allen and
Hopkins, 1989; Shibata, 1988; Swanson and Cowan, 1977; Van
Groen and Wyss, 1990; Wright et al., 2010). It is important to
note that, although the anterior thalamus is also richly innervated
by the subiculum, these connections largely arise from different
populations of cells: subicular neurons projecting to the anterior
thalamus originate in the deepest cell populations, while those
projecting to the mammillary bodies are located more superﬁcially
(Ishizuka, 2001; Wright et al., 2010; Yoder and Taube (2011)).
The implication, as yet untested, is that these different subicular
neurons convey parallel but independent information to the
mammillary bodies and anterior thalamic nuclei, respectively. The
medial mammillary nuclei project ipsilaterally to the anteromedial
and anteroventral thalamic nuclei, whereas the lateral mammillary
body nuclei have bilateral projections to the anterodorsal thalamic
nuclei (Cruce, 1975; Seki and Zyo, 1984; Vann et al., 2007). Mid-
brain tegmental connections with the mammillary bodies follow
the same parallel topography, as the medial mammillary nuclei
have reciprocal connections with the ventral tegmental nuclei of
Gudden, while the lateral mammillary nuclei exhibit reciprocal
connections with the dorsal tegmental nucleus of Gudden (Cruce,mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
1977; Hayakawa and Zyo, 1984, 1985; Veazey et al., 1982). Affer-
ent projections to both the medial and lateral nuclei arise in the
supramammillary nucleus, the tuberomammillary nucleus and the
septal region (Gozalo-Ruiz et al., 1992). In contrast to this pattern,
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nly the medial mammillary body nuclei are innvervated by the
refrontal cortex (Allen and Hopkins, 1989) (Fig. 1).
While the afferent projections to the mammillary bodies are
oth excitatory and inhibitory, the principal efferent connections
re solely excitatory. Inputs from both the hippocampal forma-
ion and the prefrontal cortex are excitatory but the projections
rom the tegmental nuclei are inhibitory (Allen and Hopkins, 1989).
ammillary body efferents to both anterior thalamic and tegmen-
al nuclei are excitatory (Allen and Hopkins, 1990; Gozalo-Ruiz
t al., 1998). Neurochemically, the efferents to the anterior tha-
amic nuclei use glutamate, aspartate and enkephalin (Gozalo-Ruiz
t al., 1998).
.2. Electrophysiological properties
Investigations into the electrophysiological properties of the
ammillary bodies provide particularly informative insights into
he importance of mammillary body efferents for anterior thalamic
unction. Consistent with the differential anatomical connectivity
f the two main mammillary body sub-compartments, the lateral
nd medial mammillary nuclei have been shown to possess very
ifferent electrophysiological properties, which in turn make par-
llel, but distinct, contributions to the anterior thalamic nuclei.
.2.1. Lateral mammillary nucleus
Both head-direction and angular velocity cells have been found
n the lateral mammillary nuclei (Blair et al., 1998; Stackmam and
aube, 1998). Head-direction cells ﬁre preferentially as a function
f directional heading in the horizontal plane, while angular veloc-
ty cells discharge depending on the velocity of head movements
Taube et al., 1990a; Stackmam and Taube, 1998; Taube, 2007). The
ateral mammillary nuclei require inputs from the dorsal tegmental
ucleus of Gudden to generate head-direction signal (Bassett et al.,
007). Moreover, through its connection with other brain regions,
ncluding the postsubiculum and the anterodorsal thalamic nuclei,
he lateral mammillary nuclei are well-placed to moderate the
ead-direction signal throughout the head-direction circuit (Fig. 2).
ndeed, the importance of inputs from the lateral mammillary
ody nuclei to the anterior thalamic nuclei for the generation of
ead-direction cell activity is demonstrated by the ﬁnding that
esions to the lateral mammillary body nuclei completely abolish
he head–direction signal in the anterodorsal thalamic nuclei (Blair
t al., 1998, 1999; Bassett et al., 2007). In turn, the head-direction
ctivity in the postsubiculum depends upon inputs from the
nterodorsal thalamic nuclei (Goodridge and Taube, 1997).
.2.2. Medial mammillary nucleus
Nearly all cells in the medial mammillary nuclei modulate their
ring rate at a frequency of theta (Bland et al., 1995; Kirk et al.,
996; Kocsis and Vertes, 1994). Through its temporal encoding and
ecoding of neuronal ensembles and the modiﬁcation of synaptic
eights, theta rhythm within hippocampal-diencephalic circuits
s thought to be engaged in processes that are critical to memory
ormation (Buzsáki, 2002, 2005; Rutishauser et al., 2010). A fun-
amental understanding of what drives theta rhythm within this
ircuit is, however, still elusive. One view holds that theta activity
n the medial mammillary nuclei is driven by descending projec-
ions from the hippocampal formation. Support for this position
omes from the ﬁnding that there is a strong correlation between
he onset and rate of mammillary body and hippocampal theta
scillations (Kocsis and Vertes, 1994) as well as the demonstration
hat inactivation of the medial septum attenuates the theta rhythmPlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
n both the hippocampus and mammillary bodies (Kirk et al., 1996)
Fig. 2). Similarly, recent evidence has shown that hippocampal, but
ot mammillary body inputs, moderate theta-related plasticity in
he anterior thalamus, as the amplitude of anterior thalamic theta PRESS
ehavioral Reviews xxx (2014) xxx–xxx
spectral power is selectivity increased by low frequency stimula-
tion of fornical-anterior thalamic inputs (Tsanov et al., 2011a). An
alternative view holds that the ventral tegmental nucleus of Gud-
den, which is reciprocally connected with the medial mammillary
nuclei, may  modulate theta within this circuit (Kocsis et al., 2001;
Vertes et al., 2004). All cells in the ventral tegmental nucleus of
Gudden ﬁre rhythmically with theta (Kocsis et al., 2001) and, in
fact, rhythmic-bursting recordings from this structure occur 1–2 s
before the onset of hippocampal theta (Bassant and Poindessous-
Jazat, 2001). The suggestion that the ventral tegmental nucleus
of Gudden may  mediate hippocampal theta activity via its mam-
millary body connections is partially supported by ﬁndings that
extensive electrolytic lesions to the supramammillary nucleus, and
adjacent mammillary bodies, attenuate both the frequency and
amplitude of theta mediation of cell ﬁring in the hippocampus
(Sharp and Koester, 2008; Thinschmidt et al., 1995). However, as
the lesions in these studies involved almost the entire mammillary
body region, the neuroanatomical locus of these effects remains to
be elucidated. A challenge for future studies will be to selectively
target the different components of this region, in order to ascer-
tain if the mammillary bodies have any speciﬁc involvement in the
regulation of theta activity within the hippocampal-diencephalic
network.
There is, however, good evidence that learning-induced plas-
ticity within the anterior thalamus depends on excitatory inputs
from the mammillary bodies. For example, when rabbits learn a
conditional avoidance discrimination, projections from the mam-
millary bodies are necessary for behaviour-related activity changes
in the anteroventral thalamic nucleus (Gabriel et al., 1995). More-
over, projections carried in the mammillothalamic tract also
support spontaneous baseline unit activity in the anteroventral
thalamic nuclei (Gabriel et al., 1995). Comparisons of activity-
dependent plasticity within the anterior thalamus after stimulation
of either the dorsal fornix or the mammillothalamic tract have
conﬁrmed the importance of mammillary body afferents for plas-
ticity within the anterior thalamic nuclei (Tsanov et al., 2011b).
High-frequency stimulation of the mammillothalamic tract induces
large-amplitude and stable long-term-potentiation of the anterior
thalamic ﬁeld response, which is not reproduced by equivalent
stimulation of the dorsal fornix (Tsanov et al., 2011b). In contrast,
low-frequency stimulation of the mammillothalamic tract does not
evoke depression in the anterior thalamic ﬁeld response, whereas
long-term-depression is induced by low-frequency stimulation
of hippocampal projections (Tsanov et al., 2011b). These data imply
a tendency for mammillothalamic and fornical inputs to the ante-
rior thalamus to oppose one another, i.e. mammillothalamic inputs
elevate, while fornical inputs attenuate the polarity of anterior
thalamic plasticity. Furthermore, this same study found activation-
dependent, brain-derived neurotrophic factor (BDNF)-mediated
augmentation of basal synaptic transmission modulated by the
mammillothalamic tract (Tsanov et al., 2011b). More broadly, such
ﬁndings suggest that mammillary body and hippocampal inputs
make complementary, rather than overlapping, contributions to
anterior thalamic function.
3. Mammillary body function
3.1. Clinical studies
Although the mammillary bodies, and their projections to
the anterior thalamus, have long been assumed to be importantmmillary body inputs contribute to anterior thalamic function?
.2014.07.025
for episodic memory in humans (e.g. Gudden, 1896), it has only
been until relatively recently that their involvement has been
conﬁrmed empirically. For example, the neuropathology of Kor-
sakoff’s syndrome was ﬁrst described over a century ago but the
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euroanatomical locus of this syndrome has not been clearly
stablished in the intervening years. It is, however, now apparent
hat damage to both the mammillary bodies and the mammillotha-
amic tract can contribute to this distinctive clinical condition (Kril
nd Harper, 2012; Gold and Squire, 2006; Yoneoka et al., 2004).
 notable ﬁnding is the demonstration that damage to the mam-
illothalamic tract is the sole consistent predictor of anterograde
mnesia following a thalamic stroke (Carlesimo et al., 2011; Clarke
t al., 1994; Van der Werf et al., 2000, 2003a,b). A further study also
evealed the mammillary bodies to be the only site consistently
inked to recollective memory impairments in patients who had
ndergone surgery for the removal of colloid cysts (Tsivilis et al.,
008; Vann et al., 2009). The patients, matched on all factors other
han the degree of mammillary body atrophy, differed signiﬁcantly
n measures of recollection, but not familiarity-based recognition
Tsivilis et al., 2008; Vann et al., 2009). Although severance of
he fornix is known to result in amnesia (e.g. Gaffan and Gaffan,
991), in the Tsivilis et al. (2008) study, neither fornix nor parahip-
ocampal cortex measures were consistently associated with
ecall performance. The importance of the mammillary bodies
or episodic memory is further revealed by ﬁndings from the
nly known case of a patient with pathology restricted to the
ammillary bodies. Patient B.J., who suffered selective bilateral
amage to the mammillary bodies after a snooker cue was forced
p his nose, experienced relatively mild anterograde amnesia
ut spared recognition memory (Dusoir et al., 1990). A loss of
erbal long-term memory was also reported in N.A., a patient
ho suffered unilateral diencephalic damage which included the
ammillothalamic tract (Teuber et al., 1968). This dissociation
etween impaired recollection and spared familiarity recognition
emory was also found in an amnesic patient, G.P, who sustained
ilateral mammillothalamic damage (Carlesimo et al., 2007).
Although damage to thalamic nuclei almost certainly con-
ributes to diencephalic amnesia, these studies highlight the
aramount importance of mammillary body projections to the
nterior thalamic nuclei for recollective but not familiarity-based
emory (Aggleton et al., 2011). Nonetheless, the difﬁculty of ﬁnd-
ng cases with circumscribed damage within this circuit limits the
xtent to which deﬁnitive conclusions can be drawn from these
linical cases. Similarly, the value of current functional imaging
echniques for investigating mammillary body and anterior thala-
ic  function in humans is constrained by both the size and position
f these structures. These observations underscore the need for
nimal models.
.2. Animal models
.2.1. Behavioural lesion studies
As most current models of mammillary body function empha-
ise the importance of their inputs from the hippocampal
ormation, the overwhelming majority of behavioural studies in
odents have focused on spatial memory (Vann, 2010). For the
ery same reason, most studies evaluating the behavioural effects
f anterior thalamic damage in rodents also tend to assay spatial
emory (Jankowski et al., 2013). This almost singular focus on spa-
ial memory has the advantage that it allows direct comparisons
etween the effects of lesions targeted at these two brain sites on
he same behavioural tasks, but it does potentially overlook addi-
ional contributions that the mammillary bodies might be making
o anterior thalamic function. When evaluating mammillary body
ontributions to anterior thalamic function, lesions of the mam-
illothalamic tract are particularly informative as they providePlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
 direct assessment of the functional signiﬁcance of mammillary
ody inputs to the anterior thalamic nuclei.
Lesions of the mammillary bodies impair performance on tests
f both reinforced and spontaneous T-maze alternation (Aggleton PRESS
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et al., 1995; Béracochéa and Jaffard, 1987, 1990, 1995; Gaffan et al.,
2001; Rosenstock et al., 1977; Vann and Aggleton, 2003). These
deﬁcits are found on both the standard and continuous alterna-
tion variants of the task (Aggleton et al., 1995; Field et al., 1978;
Vann and Aggleton, 2003). Performance on a further test of spatial
working memory, the radial-arm maze task, has also been shown
to be sensitive to the effects of mammillary body lesions (Jarrad
et al., 1984; Neave et al., 1997, Sziklas and Petrides, 1993; Vann
and Aggleton, 2003). The radial-arm maze task requires animals to
retrieve rewards from the arms of the maze without re-entering the
same arm; effective performance requires the animal to monitor
the arms it has already entered. Transection of the mammillothala-
mic  tract reliably produces equivalent deﬁcits to mammillary body
lesions on both of these tests of spatial working memory (Field et al.,
1978; Nelson and Vann, 2014; Vann and Aggleton, 2003; Vann,
2013). The effects of mammillary body lesions on spatial learning
in the water-maze have also been examined. Although mammil-
lary body lesions have been shown to both disrupt (Sutherland and
Rodriguez, 1989) and spare reference memory (Santín et al., 1999),
reliable and enduring impairments are found on delayed matching-
to-place in the water-maze (Santín et al., 1999; Vann and Aggleton,
2003). Lesions to the mammillothalamic tract reproduce the effects
of mammillary body lesions on delayed matching-to-place in the
water-maze (Vann and Aggleton, 2003).
As tests of spatial working memory can potentially be solved by
a variety of different strategies, studies that have sought to isolate
the different strategies available to the animal can be particularly
informative about the nature of the spatial learning deﬁcit associ-
ated with mammillary body and mammillothalamic tract lesions.
One plausible suggestion is that impaired navigation could provide
a unifying account of the pattern of results obtained (e.g. Winter
et al., 2011). However, this account seems unlikely as mammil-
lary body and mammillothalamic tract lesions do not always lead
to a spatial learning deﬁcit, even on tasks where the animal is
required to navigate through the environment. For example, mam-
millothalamic tract lesions do not disrupt geometric learning in
the water-maze (using the shape of the maze to ﬁnd the hidden
platform) (Vann, 2013) and reference memory in the water-maze
can be unaffected by mammillary body lesions (Santín et al., 1999).
Conversely, lesion deﬁcits emerge on tasks which contain little or
no navigational component (Nelson and Vann, 2014). For exam-
ple, mammillothalamic tract lesions disrupt the ability to use distal
visual cues to discriminate between two locations within a room,
irrespective of the direction travelled (Nelson and Vann, 2014).
Rather, it would appear that mammillary body and mammillotha-
lamic tract lesions produce deﬁcits when animals are required to
use distal spatial cues or the rapid encoding of new spatial infor-
mation is required. For example, in the radial-arm maze task the
most pronounced deﬁcits emerge when the maze is rotated mid-
way through the session such that the value of intra-maze cues are
nulliﬁed and animals are forced to rely on extra-maze cues (e.g.
Nelson and Vann, 2014; Vann and Aggleton, 2003; Vann, 2013).
Similar results have been found in the T-maze when the sample and
choice phases are run in separate mazes so that the animal cannot
use intra-maze cues to alternate (Vann, 2013). This account would
also explain why delayed non-matching-to-place but not reference
memory (e.g. Santín et al., 1999; Vann and Aggleton, 2003) is partic-
ularly sensitive to mammillary body and mammillothalamic tract
lesions, as the former task places a premium on the rapid encoding
of new spatial information.
The effects of mammillary body lesion are not restricted to
tasks that involve navigation. Both mammillary body and mammil-mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
lothalamic tract lesions have been shown to disrupt certain forms
of contextual learning. Vann et al. (2003) showed that mammil-
lothalamic tract lesions retarded the acquisition of a visuo-spatial,
but not a non-spatial, contextual discrimination in which animals
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re required to respond differentially to stimuli depending on the
ontext. Similarly, mammillary body lesions in mice disrupt con-
extual fear conditioning but spare cued fear conditioning (Celerier
t al., 2004). However, mammillothalamic tract lesions impair dis-
riminative avoidance behaviour in rabbits; lesion animals were
lower to learn an avoidance response to a tone predictive of shock
Gabriel et al., 1995). Although mammillary body and mammil-
othalamic tract lesions do not disrupt rats’ ability to recognise a
ovel from a familiar item (Aggleton et al., 1995) recent evidence
as shown that mammillothalamic tract lesions do impair object-
n-place memory (Nelson and Vann, 2014). Object-in-place mem-
ry does not tax recognition memory per se but rather requires the
nimal to link a speciﬁc object with a speciﬁc location. Similarly,
ammillary body lesions in monkeys spare recognition memory
or objects (Aggleton and Mishkin, 1985) but impair the ability to
earn object-in-place scenes (Parker and Gaffan, 1997a). This appar-
nt functional dissociation between object recognition and object-
n-place memory mirrors the aforementioned clinical evidence
howing that pathology of the mammillary body or mammillotha-
amic tract impairs recollection but spares familiarity on tests of
ecognition memory (e.g. Carlesimo et al., 2007; Tsivilis et al., 2008;
ann et al., 2009) as well as the ﬁnding of anterograde amnesia with
pared recognition memory in patient B.J. (Dusoir et al., 1990).
A challenge for future studies will be to examine whether the
ammillary bodies have a broader role in learning and memory
eyond the spatial domain. Evidence from patient studies certainly
oints to such a role, but currently, there is a paucity of data from
nimal models on non-spatial functions. Nevertheless, there is an
merging appreciation that the anterior thalamic nuclei may  also
upport non-spatial functions. For example, evidence has high-
ighted anterior thalamic involvement in certain forms of recency
udgements (Wolff et al., 2006; Dumont and Aggleton, 2013) but
t is currently unclear the extent to which these effects depend on
nputs from the mammillary bodies.
.2.2. Lateral versus medial mammillary nucleus lesions
Given the aforementioned anatomical and electrophysiological
ata, it also important to consider any differential effects of medial
ersus lateral mammillary nucleus lesions on behaviour, as the
esults from these studies may  provide insights into the potentially
istinct contributions that these separate nuclei make to anterior
halamic function (Vann and Aggleton, 2004; Vann, 2010). That
aid, the overwhelming majority of lesion studies either involved
he medial mammillary nuclei (e.g. Béracochéa and Jaffard, 1987,
995; Field et al., 1978; Rosenstock et al., 1977; Santín et al.,
999) or included almost the entire mammillary body region (e.g.
onkiss and Rawlins, 1992; Sziklas and Petrides, 2000). Further-
ore, mammillothalamic tract lesions may  selectively disconnect
edial mammillary nucleus projections to the anterior thalamus
ut spare those from the lateral mammillary nuclei (Vann and
lbasser, 2009). Thus, there remains a paucity of data describing the
ehavioural effects of selective lateral mammillary nucleus lesions.
rom the two studies that have selectively targeted these nuclei, it
eems that lateral mammillary nucleus lesions produce a far less
rofound deﬁcit on tests of spatial memory than is apparent fol-
owing complete mammillary body lesions. For example, lateral
ammillary nucleus lesions spare the initial acquisition of T-maze
lternation (Vann, 2005) and mild deﬁcits only emerge when the
se of intra-maze cues is precluded by running the sample and
hoice phases in separate mazes (Vann, 2011). Similarly, and again
n contrast to the effects of complete mammillary body lesions,
orking memory in the water maze is only transiently affectedPlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
y lateral mammillary nucleus lesions (Vann, 2005). Conversely,
ateral mammillary nucleus lesions retard the acquisition of a geo-
etric task in the water maze (Vann, 2011) that has subsequently
een shown to be unaffected by mammillothalamic tract lesions PRESS
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(Vann, 2013). This latter dissociation presumably reﬂects the fact
that this geometric task may  engage the head-direction system
within which the lateral mammillary nuclei occupy a pivotal posi-
tion (Taube et al., 1990b; Aggleton et al., 2009; Vann, 2011) (Fig. 2).
As the impact of lateral mammillary nucleus lesions does not repro-
duce the effects of complete mammillary body damage, it would
seem that the pattern of spatial memory impairments seen after
complete mammillary body lesions cannot solely be ascribed to a
loss of head-direction information. The further implication is that
the medial mammillary body nuclei make additional contributions
to spatial memory.
More broadly, these results accord with the proposition that
these two  mammillary nuclei make quantiﬁably different contrib-
utions to mnemonic processes (Vann and Aggleton, 2004; Hopkins,
2005). This dissociation, in turn, maps onto proposed functional
differences in the projection targets of the lateral and medial
mammillary nuclei. The anterodorsal thalamic nuclei, directly
innervated by the lateral mammillary nuclei, form a key node
within the head-direction system. The medial mammillary nuclei
project to both anteromedial and anteroventral thalamic nuclei:
The anteromedial thalamic nuclei are thought to be important for
relaying information from the hippocampal-diencephalic circuit to
prefrontal areas, while it has been suggested that the anteroventral
thalamic nuclei convey theta-activity to the hippocampal forma-
tion (Aggleton et al., 2010; Jankowski et al., 2013).
3.3. Comparison of mammillary body and anterior thalamic
lesion effects
Anterior thalamic nucleus lesions produce deﬁcits on the same
tests of spatial memory as mammillary body lesions, consistent
with both structures forming part of an extended memory net-
work. Working memory assessed in both the T-maze and eight
arm radial-maze has been shown to be disrupted by lesions of
the anterior thalamus (e.g. Aggleton et al., 1995, 1996; Byatt and
Dalrymple-Alford, 1996; Mair et al., 2003; Mitchell and Dalrymple-
Alford, 2005, 2006; Warburton et al., 1997, 1999). Similarly,
anterior thalamic damage results in impairments on both reference
memory and delayed-non-matching to sample in the water-maze
(e.g. Sutherland and Rodriguez, 1989; Van Groen et al., 2002;
Warburton et al., 1999; Warburton and Aggleton, 1999). Lesions
centred on the anterodorsal thalamic nuclei also disrupt the same
geometric task that is sensitive to lateral but not medial mam-
millary nucleus lesions (Aggleton et al., 2009; Vann, 2011, 2013),
consistent with this task being supported by the lateral mammillary
nucleus-anterodorsal thalamic nuclei projections. Although few
studies have directly compared the effects of mammillary body and
anterior thalamic nuclei lesions on tests of spatial memory, there
is some evidence that anterior thalamic lesions may produce more
severe deﬁcits than either mammillary body or mammillothalamic
tract lesions (e.g. Aggleton et al., 1991, 1995). For example, lesions
of the anterior thalamic nuclei lead to a robust and enduring T-maze
alternation deﬁcit, while mammillary body and mammillothala-
mic  tract lesion impairments on this task can be ameliorated by
extended training (e.g. Vann and Aggleton, 2003) or only emerge
when animals are forced to rely on allocentric spatial information
(e.g. Vann, 2013).
There are several possible explanations as to why disrupting
mammillary body inputs to the anterior thalamus may not always
reproduce exactly the effects of lesions to the anterior thalamic
nuclei themselves. One is selectivity of the lesion: mammillotha-
lamic tract lesions are usually highly selective (e.g. Vann andmmillary body inputs contribute to anterior thalamic function?
.2014.07.025
Aggleton, 2003; Vann, 2013), whereas the location of the ante-
rior thalamic nuclei means that lesions to this structure often
result in unintended damage to adjacent structures including the
medial dorsal and laterodorsal thalamic nuclei, the intralaminar
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halamic nuclei, the rhomboid nucleus and nucleus reuniens. The
xtent to which this damage may  contribute to the pattern of
eﬁcits observed after anterior thalamic lesions is not entirely
lear. It should be acknowledged that selective damage to these
djacent structures does not reproduce the effects of anterior tha-
amic lesions (e.g. Hunt and Aggleton, 1998; Loureiro et al., 2012;
olff et al., 2008) and, where deﬁcits have been reported (e.g.
avage et al., 1998), the lesions encroached on the anterior tha-
amic nuclei. Nevertheless, there is evidence that cell loss beyond
he anterior thalamic nuclei may  magnify spatial impairments,
articularly when the lesions involve the lateral dorsal nucleus
Warburton et al., 1997, 1999). In this respect, it is noteworthy that
ammillothalamic tract lesions do not disconnect the laterodorsal
halamic nuclei. A further, and perhaps more signiﬁcant, consid-
ration is anatomical: in the absence of their mammillary body
nputs, the anterior thalamic nuclei are still directly innervated
y the hippocampal formation. Given their distinct electrophysi-
logical properties, fornical and mammillothalamic inputs to the
nterior thalamus are unlikely to have duplicate functions (Tsanov
t al., 2011a,b). Similarly, the anterior thalamic nuclei and the mam-
illary bodies receive inputs from distinct cell populations within
he hippocampal formation (Ishizuka, 2001; Wright et al., 2010;
oder and Taube, 2011). As such, direct hippocampal afferents may
upport different mnemonic processes that may  allow a degree
f functional compensation for the loss of the mammillary body
nputs. Furthermore, other inputs to the anterior thalamic nuclei
ay  support spatial cognition. For example, brainstem choliner-
ic innervation to the anteroventral thalamic nuclei is known to
nﬂuence spatial memory (Mitchell et al., 2002). Multiple brain
ites support spatial cognition and, therefore, structures beyond
he medial diencephalon may  also partially counteract the effects of
ammillary body lesions. A related account holds that mammillary
ody or mammillothalamic tract lesions may  only disrupt a subset
f spatial processes (e.g. allocentric information). As tests of spatial
emory can potentially be solved by a variety of strategies, other
vailable classes of spatial information may  be sufﬁcient to support
ask performance so animals are able to switch to alternative strate-
ies. For example, mammillary body and mammillothalamic tractPlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
esions do not appear to preclude the use intra-maze cues in tests
f spatial working memory (Vann and Aggleton, 2003; Vann, 2013).
As with mammillary body and mammillothalamic tract lesions,
nterior thalamic nuclei lesion effects are also found on behavioural
ig. 3. Photomicrographs of c-Fos immunoreactive cells in the retrosplenial cortex followi
udden lesion (VTg; red); (C) descending postcommissural fornix lesion (PCF; green); (D) 
ract  disconnections. Abbreviations: ATN, anterior thalamic nuclei; DS, dorsal subiculum;
ucleus, pars lateralis; MM,  medial mammillary nucleus, pars medialis; VS, ventral subic
ann, 2013). (For interpretation of the references to color in this ﬁgure legend, the reader PRESS
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tasks that do not tax spatial navigation. The anterior thalamus does
not appear to be necessary for certain aspects of recognition mem-
ory. It has been consistently shown that anterior thalamic nuclei
lesions do not disrupt a rat’s ability to recognise a novel from a
familiar object (Moran and Dalrymple-Alford, 2003; Warburton
and Aggleton, 1999; Wilton et al., 2001). Conversely, anterior
thalamic lesions do disrupt object-in-place memory (Sziklas and
Petrides, 1999; Wilton et al., 2001) as well as recency memory for
objects and events (Dumont and Aggleton, 2013; Wolff et al., 2006).
In monkeys, object-in-place memory is also disrupted by damage to
the anterior thalamus (Parker and Gaffan, 1997b). This pattern of
results accords with the proposition that the mammillary body-
anterior thalamic axis plays a preponderant role in recollective
rather than familiarity-based recognition memory (e.g. Aggleton
et al., 2011). Similarly, there is evidence that the processing of con-
textual information is disrupted following anterior thalamic nuclei
lesions (e.g. Law and Smith, 2012; Marchand et al., 2013; but see:
Dumont et al., 2014; Dupire et al., 2013).
4. Which inputs are driving mammillary body function?
Most accounts of anterior thalamic function stress the impor-
tance of their hippocampal inputs (e.g. Aggleton and Brown, 1999;
Papez, 1937; Delay and Brion, 1969). Evidence in support of this
position is threefold. First, the anterior thalamic nuclei receive
both direct, via the fornix, and indirect, via the mammillary bodies,
inputs from the subicular complex; second, lesions to both the
anterior thalamic nuclei and mammillary bodies produce almost
comparable deﬁcits on tests of spatial cognition and third, dis-
connection studies have conﬁrmed the importance of interactions
between the anterior thalamic nuclei and hippocampus for spatial
learning (e.g. Henry et al., 2004; Warburton et al., 2001). The
implication of this account is that the hippocampal formation
acts upon the anterior thalamus through these parallel routes,
and it is the loss of this information ﬂow that accounts for the
spatial deﬁcits observed after mammillary body damage. In this
scenario, the mammillary bodies make no independent contri-
bution to anterior thalamic function and simply act as a relay formmillary body inputs contribute to anterior thalamic function?
.2014.07.025
hippocampal information.
A prediction that follows from this account is that disconnection
of the descending hippocampal projections to the mammillary
bodies (Fig. 3) should not only disrupt spatial learning, but should
ng: (A) mammillothalamic tract lesion (MTT; blue); (B) ventral tegmental nucleus of
surgical control. To the left is a semi-schematic representation of the corresponding
 LM,  lateral mammillary nuclei; MB, mammillary bodies, ML,  medial mammillary
ulum; VTg, ventral tegmental nucleus of Gudden. (Modiﬁed, with permission from
 is referred to the web version of this article.)
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esult in impairments that are equivalent to those seen after
ammillary body and mammillothalamic tract damage. However,
either of these predictions is supported by empirical ﬁndings.
ransection of the descending postcommissural fornix, which
electively disconnects the hippocampal inputs to both the medial
nd lateral mammillary nuclei, appears to have minimal discernible
mpact on tests of spatial memory. These lesions produce only
 borderline T-maze alternation deﬁcit and spare acquisition of
oth the radial-arm maze and water-maze working memory tasks
Vann et al., 2011). This pattern of results stands in stark contrast to
he marked deﬁcits observed after mammillary body and mammil-
othalamic tract damage (e.g. Vann and Aggleton, 2003). Indeed,
ann (2013) directly compared the effects of mammillothalamic
ract and descending postcommissural fornix lesions on various
ehavioural assays of spatial memory and the results were clear:
esions of the mammillothalamic tract, but not of the descending
ostcommissural fornix, led to consistent spatial memory deﬁcits
Fig. 4). Of course, it could be argued that the lack of a descending
ostcommissural fornix lesion effect on these tests simply reﬂects
unctional compensation for the loss of the indirect inputs by the
irect hippocampal projections to the anterior thalamic nuclei.
wo lines of evidence militate against such an explanation. If the
irect hippocampal projections to the anterior thalamic nuclei are
ble to compensate for the loss of the indirect pathway, then this
ompensation should be equally evident after damage to the mam-
illary bodies or the mammillothalamic tract (as these lesions only
isconnect the indirect pathway). According to this account, all
hree lesions (mammillary body, mammillothalamic tract and des-
ending postcommissural fornix) should have equivalent effects on
ests of spatial memory. Yet, mammillary body and mammillotha-
amic tract lesions produce consistent spatial memory impairments
hat are markedly more severe than the deﬁcits found after descen-
ing postcommissural fornix lesions (e.g. Vann and Aggleton, 2003;
ann et al., 2011; Vann, 2013). Furthermore, the two pathways, far
rom functioning in concert, have antagonistic electrophysiological
roperties (Tsanov et al., 2011b) that make compensation seemPlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
nlikely. The implications of these observations for mammillary
ody and anterior thalamic function are manifest. First, the mam-
illary bodies are able to support spatial cognition in the absence
f their subicular complex inputs and so make a contribution to PRESS
ehavioral Reviews xxx (2014) xxx–xxx
memory that is independent of the hippocampal formation. Second,
mammillary body, and not the indirect hippocampal, inputs are
vital to understanding anterior thalamic function. More broadly,
they herald the functional importance of other, non-hippocampal,
inputs to the mammillary body-anterior thalamic nuclei axis.
Obvious candidates are the dense connections that arise in the
limbic mesencephalon: the medial mammillary body nuclei are
innervated by the ventral tegmental nuclei of Gudden and the
lateral mammillary body nuclei by the dorsal tegmental nuclei
of Gudden. It is possible that these distinct nuclei are a pivotal
source of inputs that support spatial processes within the medial
and lateral mammillary nuclei, respectively. Until recently, little
was known about the functional signiﬁcance of these inputs to
the mammillary bodies. However, it is now evident that selec-
tive lesions to the ventral tegmental nucleus of Gudden produce
clear impairments on an array of spatial memory tasks, which are
known to be sensitive to both mammillary body and anterior tha-
lamic damage, including working memory in the water-maze and
radial arm-maze as well as reinforced alternation in the T-maze
(Vann, 2009). Not only do mammillothalamic tract and ventral
tegmental nucleus of Gudden lesions produce equivalent impair-
ments on these tasks, but both surgeries lead to more enduring
and robust deﬁcits than lesions of the descending postcommissural
fornix (Vann, 2013). This pattern of results suggests that the ventral
tegmental nucleus of Gudden is able to maintain mammillary body
function in the absence of their inputs from the descending post-
commissural fornix, i.e. hippocampal formation. The implication
is that information streams from the ventral tegmental nucleus of
Gudden make distinct contributions to mammillary body-anterior
thalamic nuclei function that are vital for spatial memory. Indeed,
the report of a patient who  had become amnesic following damage
in the region of the ventral tegmental nucleus of Gudden is con-
sistent with the importance of this nucleus for memory (Goldberg
et al., 1981). Further evidence in support of the signiﬁcance of this
pathway comes from an examination of the impact of lesions within
this network on markers of plasticity in other related brain sites. It is
well-documented that lesions to the anterior thalamic nuclei result
in hypoactivity, as indexed by the expression of immediate-early
genes, such as c-fos,  in an array of distal brain regions includ-
ing the hippocampus, the retrosplenial cortex and the prefrontal
cortex (for a review see Aggleton and Nelson, current issue). A
remarkably similar pattern of hypoactivity is also observed follow-
ing mammillothalamic tract transection (Vann and Albasser, 2009)
(Fig. 3). The qualitative and quantitative equivalence of anterior
thalamic and mammillothalamic tract lesion effects on the pat-
tern of dysfunction observed in distal regions raises the possibility
that these anterior thalamic lesion effects are principally driven
by the loss of their mammillary body inputs. A further intriguing
question is whether the observed hypoactivity following mammil-
lothalamic tract lesions reﬂects the loss of indirect hippocampal
inputs or the disconnection of afferents from the ventral tegmen-
tal nucleus of Gudden. If ventral tegmental nucleus of Gudden, and
not hippocampal, inputs are critical for maintaining mammillary
body function then lesions to the ventral tegmental nucleus of Gud-
den would also be expected to disrupt functional markers in the
same distal brain regions. This prediction is borne out by empirical
ﬁndings: ventral tegmental nucleus of Gudden and mammillotha-
lamic tract lesions induce comparable reductions in c-Fos, positive
cell counts in the same network of related structures (Vann, 2013)
(Fig. 3). This cascade of pathological changes in distal sites is, how-
ever, not present after descending postcommissural fornix lesions
(Vann, 2013). The implication of these results is that mammillotha-mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
lamic tract lesion effects on markers of plasticity in distal brain
regions are modulated by inputs to the medial mammillary nuclei
from the limbic midbrain rather than the hippocampus. The con-
vergence of evidence from these behavioural and imaging studies
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ndicates that information ﬂow from the ventral tegmental nucleus
f Gudden is crucial to medial mammillary nuclei and, in turn,
nterior thalamic function.
As noted previously, medial and lateral mammillary nuclei can
e dissociated in terms of both function and connectivity. The lat-
ral mammillary nuclei form a vital node within the head-direction
ystem and this is reﬂected in their distinct connectivity, i.e. they
ave connections with the dorsal tegmental nucleus of Gudden,
nd in turn project to the anterodorsal thalamic nuclei (Fig. 2).
vidence from lesion and electrophysiological studies indicates
hat the head-direction signal is generated by the reciprocal con-
ections between the dorsal tegmental nucleus of Gudden and
he lateral mammillary nuclei (Bassett et al., 2007; Blair et al.,
998; Taube, 2007). Indeed, the integrity of this circuit appears
o be crucial for maintaining the head-direction signal within the
nterodorsal thalamic nuclei, as lesions to both structures abol-
sh the head-direction signal in the anterodorsal thalamic nuclei
Bassett et al., 2007; Blair et al., 1998). Moreover, the impor-
ance of these connections is further highlighted by the apparent
ierarchical organisation of the head-direction circuit: lesions to
ubcortical structures (e.g. dorsal tegmental nucleus of Gudden
nd lateral mammillary nuclei) abolish the head-direction signal
n ‘higher’ components of the network (e.g. anterodorsal thalamic
uclei, postsubiculum) but damage to cortical sites does not dis-
upt the head-direction signal ‘lower’ down in the circuit (e.g. Clark
nd Taube, 2011). Further support for this proposition comes from
ecent behavioural ﬁndings that have shown that lesions to the dor-
al tegmental nucleus of Gudden produce deﬁcits in the acquisition
f tasks in which directional heading is required (e.g. Dwyer et al.,
013; Frohardt et al., 2006). Dorsal tegmental nucleus of Gudden
esions do not just disrupt directional navigation but also lead to
ersistent impairments in place learning (Clark et al., 2013). Such
ndings accord with the emerging appreciation of the importance
f the head-direction system for both directional and place navi-
ation (e.g. Gibson et al., 2013). The extent to which hippocampal
lace cell activity depends on the signal from the head-direction
ystem remains to be fully elucidated but consistent with this
roposition, lesions within the head-direction system can disrupt
he stability of hippocampal place cell ﬁring (Calton et al., 2003).
hese ﬁndings highlight the potential contribution of the lateral
ammillary nuclei and their inputs from the limbic midbrain to
he processing of spatial information within the hippocampal place
ell network.
. Implications for anterior thalamic nucleus function
Traditional models of anterior thalamic function have stressed
he importance of the direct and indirect (via the mammillary
odies) hippocampal inputs (e.g. Delay and Brion, 1969; Aggleton
nd Brown, 1999). These models effectively reduced the mam-
illary bodies to the status of a hippocampal relay and, thereby,
fforded the mammillary bodies no independent role in mnemonic
rocesses. More broadly, these models placed the hippocampus
t the centre of the network of structures that support mem-
ry and overlooked the extent to which the medial diencephalon
ay  reciprocally act upon the hippocampal formation. In light
f recent empirical ﬁndings, such a position requires revision. It
s now clear that the mammillary bodies not only contribute to
emory, but that this contribution is largely independent of its
ippocampal inputs. Rather, information streams from the limbic
esencephalon would appear to be vital to maintaining mam-Please cite this article in press as: Dillingham, C.M., et al., How do ma
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illary body function. As the mammillary bodies comprise two
istinct subdivisions that can be dissociated both in terms of
heir hodology and function, there are at least two possible routes
hrough which the mammillary bodies and their limbic midbrain PRESS
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afferents can inﬂuence anterior thalamic function. First, there
is now considerable evidence that the dorsal tegmental nucleus
of Gudden → lateral mammillary nuclei → anterodorsal thalamic
nuclei pathway plays a critical role in both the generation and
propagation of the head-direction signal (Fig. 2). Second, while
the function of the ventral tegmental nucleus of Gudden → medial
mammillary nuclei → anteroventral thalamic nuclei pathway is, at
present, less clear, it is likely to include the regulation of theta
rhythm and the optimisation of synaptic plasticity (Fig. 2). That the
convergence on the anterior thalamic nuclei of these parallel but
distinct information ﬂows is required for normal memory is con-
ﬁrmed by lesions studies that have systematically disconnected the
different components of these two  systems (e.g. Bassett et al., 2007;
Blair et al., 1998; Clark et al., 2013; Vann and Aggleton, 2003; Vann
et al., 2011; Vann, 2009, 2013). How these different information
streams are integrated to support memory is still open to conjec-
ture but interactions between the head-direction signal and theta
are likely to be signiﬁcant (Aggleton et al., 2010; Jankowski et al.,
2013). In this respect, a key discovery is the description of theta-
modulated head- direction cells in the rat anteroventral thalamic
nuclei that appear to integrate heading and movement informa-
tion (Tsanov et al., 2011c). A further consideration is the role of
medial mammillary body nuclei inputs to the anteromedial thala-
mic  nuclei. The anteromedial thalamic nuclei stand out from the
other thalamic nuclei in that they contain few theta-cells (6%),
have only limited projections to the hippocampal formation but
instead have strong reciprocal projections with an array of cortical
sites including the anterior cingulate and prelimbic cortices (e.g.
Albo et al., 2003; Shibata and Kato, 1993; Van Groen et al., 1999).
Based on these properties, it has been posited that the anteromedial
thalamic nuclei relay hippocampal-diencephalic signals to the pre-
frontal cortex and, in turn, support cognitive ﬂexibility and other
higher-order functions (e.g. Aggleton et al., 2010). As the medial
mammillary nuclei receive excitatory inputs from the prefrontal
cortex (Allen and Hopkins, 1989), they are well placed to inﬂuence
such functions and may  form part of a reciprocal loop between the
medial diencephalon and the prefrontal cortex. This proposal is,
as yet, untested but the implication is that there are other, per-
haps non-spatial, medial mammillary body nuclei functions to be
uncovered. Indirect support for this proposition comes from the
recent ﬁnding that craniopharyngioma patients with hypothalamic
injury, involving the mammillary bodies, show abnormal patterns
of activation and deactivation in the prefrontal cortex, consistent
with less efﬁcient processing in a brain region engaged in executive
functions (Özyurt et al., 2014).
6. Conclusions and remaining questions
This review set out to explain the signiﬁcance of the mammillary
body inputs for anterior thalamic function. Central to this pro-
cess has been the speciﬁcation of at least two parallel but separate
routes through which the mammillary bodies can inﬂuence ante-
rior thalamic function. Based on anatomical, electrophysiological
and behavioural data, it is suggested that the mammillary bodies
play an important role in supporting spatial memory through the
propagation of both the head-direction signal and theta activity to
the anterior thalamus. Signiﬁcantly, this contribution appears to
be largely independent of the hippocampus. Rather, inputs from
the limbic midbrain appear critical to sustaining mammillary body
function. Allied to this, recent evidence has suggested that the
anterior thalamus does not simply relay incoming information,mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
but actively integrates and modulates hippocampal-diencephalic
information streams that are critical for mnemonic processes (e.g.
Tsanov et al., 2011b–d). The implication of these ﬁndings is that
the anterior thalamus may  form a functional nexus that integrates
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imbic midbrain-diencephalic-hippocampal pathways to support
nemonic processes. In this scenario, the role of the mammil-
ary bodies may  well be to modulate these different information
treams. As such, these ﬁndings challenge previous models that
tressed the importance of the hippocampus for medial dien-
ephalon function and highlight the need to consider how the
edial diencephalon may  act upon the hippocampal formation to
upport memory (Vann, 2009, 2010; Vann and Albasser, 2011).
This review has emphasised the importance of inputs from
udden’s tegmental nuclei but other sites connected with the
ammillary bodies may  also prove vital in understanding mammil-
ary body and, more broadly, medial diencephalic function. While
t is now apparent that the mammillary bodies are able to support
patial memory in the absence of information ﬂow from the hip-
ocampus, it seems unlikely that these inputs are redundant. Thus,
ne key challenge will be to elucidate the properties of the subicu-
ar inputs to the mammillary bodies and to contrast their function
ith the hippocampal projections to the anterior thalamus. Simi-
arly, the status of the prefrontal afferents to the mammillary bodies
s currently poorly understood but, in conjunction with the antero-
edial thalamic nuclei, they may  support non-spatial functions.
urthermore, interactions within local circuits between the mam-
illary bodies and the supramammillary nuclei are potentially
ritical to theta activity. Unravelling how these different pathways
ake seemingly separate but, at the same time, interdependent
ontributions to medial diencephalon function remains a key step
owards understanding the wider neural circuitry that underpins
emory.
cknowledgments
SDV is supported by a Wellcome Trust Senior Research Fellow-
hip in Basic Biomedical Science (grant number WT090954AIA).
he authors wish to thank John Aggleton for his extremely helpful
omments on the manuscript.
eferences
ggleton, J.P., Mishkin, M.,  1985. Mamillary-body lesions and visual recognition in
monkeys. Exp. Brain. Res. 58, 190–197.
ggleton, J.P., Sahgal, A., 1993. The contribution of the anterior thalamic nuclei to
anterograde amnesia. Neuropsychologia 31, 1001–1019.
ggleton, J.P., Brown, M.W., 1999. Episodic memory, amnesia, and the hippocampal-
anterior thalamic axis. Behav. Brain Sci. 22, 425–444.
ggleton, J.P., Keith, A.B., Sahgal, A., 1991. Both fornix and anterior thalamic, but not
mammillary, lesions disrupt delayed non-matching-to-position memory in rats.
Behav. Brain Res. 44, 152–161.
ggleton, J.P., Neave, N., Nagle, S., Hunt, P.R., 1995. A comparison of the effects
of  anterior thalamic, mamillary body and fornix lesions on reinforced spatial
alternation. Behav. Brain Res. 68, 91–101.
ggleton, J.P., Hunt, P.R., Nagle, S., Neave, N., 1996. The effects of selective lesions
within the anterior thalamic nuclei on spatial memory in the rat. Behav. Brain
Res. 81, 189–198.
ggleton, J.P., Vann, S.D., Saunders, R.C., 2005. Projections from the hippocampal
region to the mammillary bodies in macaque monkeys. Eur. J. Neurosci. 22,
2519–2530.
ggleton, J.P., Poirer, G.L., Aggleton, H.S., Vann, S.D., Pearce, J.M., 2009. Lesions of the
fornix and anterior thalamic nuclei dissociate different aspects of hippocampal-
dependent spatial learning: implications for the neural basis of scene learning.
Behav. Neurosci. 123, 504–519.
ggleton, J.P., O’Mara, S.M., Vann, S.D., Wright, N.F., Tsanov, M., Erichsen, J.T., 2010.
Hippocampal-anterior thalamic pathways for memory: uncovering a network
of  direct and indirect actions. Eur. J. Neurosci. 31, 2292–2307.
ggleton, J.P., Dumont, J.R., Warburton, E.C., 2011. Unravelling the contributions of
the  diencephalon to recognition memory: a review. Learn. Mem.  18, 384–400.
lbo, Z., Viana Di Prisco, G., Vertes, R.P., 2003. Anterior thalamic unit discharge pro-
ﬁles and coherence with hippocampal theta rhythm. Thalamus Relat. Syst. 2,
133–144.
llen, G.V., Hopkins, D.A., 1989. Mamillary body in the rat: topography and synaptol-Please cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
ogy of projections from the subicular complex, prefrontal cortex, and midbrain
tegmentum. J. Comp. Neurol. 286, 311–336.
llen, G.V., Hopkins, D.A., 1990. Topography and synaptology of mamillary body
projections to the mesencephalon and pons in the rat. J. Comp. Neurol. 301,
214–231. PRESS
ehavioral Reviews xxx (2014) xxx–xxx
Bassant, M.H., Poindessous-Jazat, F., 2001. Ventral tegmental nucleus of Gudden: a
pontine hippocampal theta generator? Hippocampus 11, 809–813.
Bassett, J.P., Tullman, M.L., Taube, J.S., 2007. Lesions of the tegmentomammillary
circuit in the head direction system disrupt the head direction signal in the
anterior thalamus. J. Neurosci. 27, 7564–7577.
Béracochéa, D.J., Jaffard, R., 1987. Impairment of spontaneous alternation behavior in
sequential test procedures following mammillary body lesions in mice: evidence
for  time-dependent interference-related memory deﬁcits. Behav. Neurosci. 101,
187–197.
Béracochéa, D.J., Jaffard, R., 1990. Effects of ibotenic lesions of mammillary bodies
on spontaneous and rewarded spatial alternation in mice. J. Cogn. Neurosci. 2,
133–140.
Béracochéa, D.J., Jaffard, R., 1995. The effects of mammillary body lesions on delayed
matching and delayed non-matching to place tasks in the mice. Behav. Brain. Res.
68,  45–52.
Blair, H.T., Cho, J., Sharp, P.E., 1998. Role of the lateral mammillary nucleus in the
rat head direction circuit: a combined single unit recording and lesion study.
Neuron 21, 1387–1397.
Blair, H.T., Cho, J., Sharp, P.E., 1999. The anterior thalamic head-direction signal
is  abolished by bilateral but not unilateral lesions of the lateral mammillary
nucleus. J. Neurosci. 19, 6673–6683.
Bland, B.H., Konopacki, J., Kirk, I.J., Oddie, S.D., Dickson, C.T., 1995. Discharge patterns
of  hippocampal theta-related cells in the caudal diencephalon of the urethane-
anesthetized rat. J. Neurophysiol. 74, 322–333.
Buzsáki, G., 2002. Theta oscillations in the hippocampus. Neuron 33, 325–340.
Buzsáki, G., 2005. Theta rhythm of navigation: link between path integration
and  landmark navigation, episodic and semantic memory. Hippocampus 15,
827–840.
Byatt, G., Dalrymple-Alford, J.C., 1996. Both anteromedial and anteroventral tha-
lamic lesions impair radial-maze learning in rats. Behav. Neurosci. 110,
1335–1348.
Calton, J.L., Stackman, R.W., Goodridge, J.P., Archery, W.B., Dudchenko, P.A., Taube,
J.S., 2003. Hippocampal place cell instability after lesions of the head direction
cell  network. J. Neurosci. 23, 9719–9731.
Carlesimo, G.A., Serra, L., Fadda, L., Cherubini, A., Bozzali, M.,  Caltagirone, C., 2007.
Bilateral damage to the mammillo-thalamic tract impairs recollection but not
familiarity in the recognition process: a single case investigation. Neuropsy-
chologia 45, 2467–2479.
Carlesimo, G.A., Lombardi, M.G., Caltagirone, C., 2011. Vascular thalamic amnesia: a
reappraisal. Neuropsychologia 49, 777–789.
Celerier, A., Pierard, D., Beracochea, D., 2004. Effects of ibotenic acid lesions of the
dorsal hippocampus on contextual fear conditioning in mice: Comparison with
mammillary body lesions. Behav. Brain Res. 151, 65–72.
Clark, B.J., Taube, J.S., 2011. Intact landmark control and angular path integration
by  head direction cells in the anterodorsal thalamus after lesions of the medial
entorhinal cortex. Hippocampus 21, 767–782.
Clark, B.J., Rice, J.P., Akers, K.G., Candelaria-Cook, F.T., Taube, J.S., Hamilton, D.A.,
2013. Lesions of the dorsal tegmental nuclei disrupt control of navigation by
distal landmarks in cued, directional and place variants of the Morris water
task.  Behav. Neurosci. 127, 566–581.
Clarke, S., Assal, G., Bogousslavsky, J., Regli, F., Townsend, D.W., Leenders, K.L., Blecic,
S.,  1994. Pure amnesia after unilateral left polar thalamic infarct: topographic
and  sequential neuropsychological and metabolic (pet) correlations. J. Neurol.
Neurosurg. Psychiatry 57, 27–34.
Cruce, J.A.F., 1975. An autoradiographic study of the projections of the mammil-
lothalamic tract in the rat. Brain Res. 85, 211–219.
Cruce, J.A.F., 1977. An autoradiographic study of the descending connections of the
mammillary nuclei of the rat. J. Comp. Neurol. 176, 631–644.
Delay, J., Brion, S., 1969. Le Syndrome de Korsakoff. Masson and Cie, Paris.
Dumont, J.R., Aggleton, J.P., 2013. Dissociation of recognition and recency memory
judgements after anterior thalamic nuclei lesions in rats. Behav. Neurosci. 127,
415–431.
Dumont, J.R., Amin, E., Aggleton, J.P., 2014. Selective importance of the rat anterior
thalamic nuclei for conﬁgural learning involving distal cues. Eur. J. Neurosci. 39,
241–256.
Dupire, A., Kant, P., Mons, N., Marchand, A.R., Coutureau, E., Dalrymple-Alford,
J.,  Wolff, M., 2013. A role for the anterior thalamic nuclei in affective cog-
nition: interactions with environmental conditions. Hippocampus 23, 392–
404.
Dusoir, H., Kapur, N., Byrens, D.P., McKinstry, S., Hoare, R.D., 1990. The role of dien-
cephalic pathology in human disorder. Evidence from a penetrating paranasal
brain injury. Brain 113, 1695–1706.
Dwyer, J.A., Ingram, M.L., Snow, A.C., Thorpe, C.M., Martin, G.M., Skinner, D.M., 2013.
The effects of bilateral lesions to the dorsal tegmental nucleus on spatial learning
in  rats. Behav. Neurosci. 127, 867–877.
Field, T.D., Rosenstock, J., King, E.C., Greene, E., 1978. Behavioral role of the mam-
millary efferent system. Brain Res. Bull. 3, 451–456.
Frohardt, R.J., Bassett, J.P., Taube, J.S., 2006. Path integration and lesions within the
head direction cell circuit: comparison between the roles of the anterodorsal
thalamus and dorsal tegmental nucleus. Behav. Neurosci. 120, 135–149.
Gabriel, M.,  Cuppernell, C., Shneker, J.I., Kubota, Y., Henzi, V., Swanson, D., 1995.mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
Mamillothalamic tract transection blocks anterior thalamic training-induced
neuronal plasticity and impairs discriminative avoidance behavior in rabbits.
J.  Neurosci. 15, 1437–1445.
Gaffan, D., Gaffan, E.A., 1991. Amnesia in man following transection of the fornix.
Brain 114, 2611–2618.
 ING ModelN
d Biob
G
G
G
G
G
G
G
G
G
G
H
H
H
H
H
H
I
J
J
K
K
K
K
L
L
M
M
M
M
MARTICLEBR-2002; No. of Pages 12
C.M. Dillingham et al. / Neuroscience an
affan, D., 1992. The role of the hippocampus–fornix–mammillary system in
episodic memory. In: Squire, L.R., Butters, N. (Eds.), Neuropsychology of Memory.
,  second ed. Guildford Press, New York, NY, pp. 336–346, 1992.
affan, E.A., Bannerman, D.M., Warburton, E.C., Aggleton, J.P., 2001. Rats’ processing
of visual scenes: effects of lesions to fornix, anterior thalamus, mamillary nuclei
or  the retrohippocampal region. Behav. Brain Res. 121, 103–117.
ibson, B., Butler, W.N., Taube, J.S., 2013. The head-direction signal is critical for
navigation requiring a cognitive map  but not for learning a spatial habit. Curr.
Biol. 23, 536–540.
old, J.J., Squire, L.R., 2006. The anatomy of amnesia: neurohistological analysis of
three new cases. Learn. Mem.  13, 699–710.
oldberg, E., Antin, S.P., Bilder, R.M., Jnr Gerstman, L.J., Hughes, J.E., Mattis, S., 1981.
Retrograde amnesia: possible role of mesencephalic reticular activation in long-
term memory. Science 213, 1392–1394.
oodridge, J.P., Taube, J.S., 1997. Interaction between the postsubiculum and ante-
rior thalamus in the generation of the head direction cell activity. J. Neurosci.
17, 9315–9330.
ozalo-Ruiz, A., Alonso, J.M., Sanz, J.M., Llinas, R.R., 1992. Afferent-projection to the
mammillary complex of the rat, with special reference to those from surround-
ing  hypothalamic regions. J. Comp. Neurol. 321, 277–299.
ozalo-Ruiz, A., Morte, L., Sanz, J.M., 1998. Glutamate/aspartate and leu-enkephalin
immunoreactivity in mammillothalamic projection neurons of the rat. Brain Res.
Bull.  47, 565–574.
udden, H., 1896. Klinische und anatommische Beiträge zur Kenntnis der multi-
plen Alkoholneurtis nebst Bemerkungen über die Regenerationsvorgänge im
peripheren Nervensystem. Arch. für Psychiatr. 28, 643–714.
uillery, R.W., 1955. A quantitative study of the mammillary bodies and their con-
nexions. J Anat. 89, 19–32.
arding, A., Halliday, G., Caine, D., Kril, J., 2000. Degeneration of anterior thalamic
nuclei differentiates alcoholics with amnesia. Brain 123, 141–154.
ayakawa, T., Zyo, K., 1984. Comparative anatomical study of the tegmentomam-
millary projections in some mammals—a horseradish-peroxidase study. Brain
Res.  200, 335–349.
ayakawa, T., Zyo, K., 1985. Afferent connections of Guddens tegmental nuclei in
the rabbit. J. Comp. Neurol. 235, 169–181.
enry, J., Petrides, M.,  St-Laurent, M.,  Sziklas, V., 2004. Spatial conditional associative
learning: effects of thalamo-hippocampal disconnection in rats. Neuroreport 15,
2427–2431.
opkins, D.A., 2005. Neuroanatomy of head direction cell circuits. In: Wiener, S.I.,
Taube, J.S. (Eds.), Head Direction Cells and the Neural Mechanisms of Spatial
Orientation. MIT  Press, Cambridge, MA,  pp. 17–44.
unt, P.R., Aggleton, J.P., 1998. An examination of the spatial working memory deﬁcit
following neurotoxic medial dorsal thalamic lesions in rats. Behav. Brain Res. 97,
129–141.
shizuka, N., 2001. Laminar organization of the pyramidal cell layer of the subiculum
in  the rat. J. Comp. Neurol. 435, 89–110.
ankowski, M.M.,  Ronnqvist, K.C., Tsanov, M.,  Vann, S.D., Wright, N.F., Erichsen, J.T.,
Aggleton, J.P., O’Mara, S.M., 2013. The anterior thalamus provides a subcortical
circuit supporting memory and spatial navigation. Front. Syst. Neurosci. 7, 45,
eCollection 2013.
arrad, L.E., Okaichi, H., Steward, O., Goldschmidt, R.B., 1984. On the role of hip-
pocampal connections in the performance of place and cue tasks: comparisons
with damage to hippocampus. Behav. Neurosci. 98, 946–954.
irk, I.J., Oddie, S.D., Konopacki, J., Bland, B.H., 1996. Evidence for differential
control of posterior hypothalamic, supramammillary, and medial mammillary
theta-related cellular discharge by ascending and descending pathways. J. Neu-
rosci. 16, 5547–5554.
ocsis, B., Vertes, R.P., 1994. Characterization of neurons of the supramammillary
nucleus and mammillary body that discharge rhythmically with the hippocam-
pal  theta rhythm in the rat. J. Exp. Psych. Anim. Behav. Proc. 14, 7040–
7052.
ocsis, B., Di Prisco, G.V., Vertes, R.P., 2001. Theta synchronization in the limbic
system: the role of Gudden’s tegmental nuclei. Eur. J. Neurosci. 13, 381–388.
ril, J.J., Harper, C.G., 2012. Neuroanatomy and neuropathology associated with
Korsakoff’s syndrome. Neuropsychol. Rev. 22, 72–80.
aw, L.M., Smith, D.M., 2012. The anterior thalamus is critical for overcoming
interference in a context-dependent odor discrimination. Behav. Neurosci. 126,
710–719.
oureiro, M., Cholvin, T., Lopez, J., Merienne, N., Latreche, A., Cosquer, B., Geiger, K.,
Kelche, C., Cassel, J.C., Pereira de Vasconcelos, A., 2012. The ventral midline thal-
amus (reuniens and rhomboid nuclei) contributes to the persistence of spatial
memory. J. Neurosci. 32, 9947–9959.
air, R.G., Burk, J.A., Porter, M.C., 2003. Impairment of radial maze delayed non-
matching after lesions of anterior thalamus and parahippocampal cortex. Behav.
Neurosci. 117, 596–605.
archand, A., Faugere, A., Coutureau, E., Wolff, M.,  2013. A role for anterior tha-
lamic nuclei in contextual fear memory. Brain Struct. Funct., http://dx.doi.org/
10.1007/s00429-013-0586-7.
itchell, A.S., Dalrymple-Alford, J.C., 2005. Dissociable memory effects after medial
thalamus lesions in the rat. Eur. J. Neurosci. 22, 973–985.
itchell, A.S., Dalrymple-Alford, J.C., 2006. Lateral and anterior thalamic lesionsPlease cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
impair independent memory systems. Learn. Mem.  13, 388–396.
itchell, A.S., Dalrymple-Alford, J.C., Christie, M.A., 2002. Spatial working memory
and the brainstem cholinergic innveration to the anterior thalamus. J. Neurosci.
22, 1922–1928. PRESS
ehavioral Reviews xxx (2014) xxx–xxx 11
Moran, J.P., Dalrymple-Alford, J.C., 2003. Perirhinal cortex and anterior thalamic
lesions: comparative effects on learning and memory. Behav. Neurosci. 117,
1326–1341.
Neave, N., Nagle, S., Aggleton, J.P., 1997. Evidence for the involvement of the mam-
millary bodies and cingulum bundle in allocentric spatial processing by rats. Eur.
J.  Neurosci. 9, 941–955.
Nelson, A.J.D., Vann, S.D., 2014. Mammilliothalamic tract lesions dis-
rupt tests of visuo-spatial memory. Behav. Neurosci., http://dx.doi.org/
10.1037/bne0000001.
Özyurt, J., Lorenzen, A., Gebhardt, U., Warmuth-Metz, M.,  Müller, H.L., Thiel, C.M.,
2014. Remote effects of hypothalamic lesions in the prefrontal cortex of cranio-
pharygioma pateints. Neurobiol. Learn. Mem.  111, 71–80.
Papez, J.W., 1937. A proposed mechanism of emotion. Arch. Neurol. Psychiatry 7,
103–112.
Parker, A., Gaffan, D., 1997a. Mamillary body lesions in monkeys impair object-
in-place memory: functional unity of the fornix-mammillary system. J. Cogn.
Neurosci. 9, 512–521.
Parker, A., Gaffan, D., 1997b. The effect of anterior thalamic and cingulate cor-
tex  lesions on object-in-place memory in monkeys. Neurospcyhologia 35,
1093–1102.
Rosenstock, J., Field, T.D., Greene, E., 1977. The role of mammillary bodies in spatial
memory. Exp. Neurol. 55, 340–352.
Rutishauser, U., Ross, I.B., Mamelak, A.N., Schuman, E.M., 2010. Human memory
strength is predicted by theta-frequency phase-locking of single neurons. Nature
464, 903–907.
Santín, L.J., Rubio, S., Begega, a, Arias, J.L., 1999. Effects of mammillary body lesions
on  spatial reference and working memory tasks. Behav. Brain. Res. 102, 137–150.
Savage, L.M., Castillo, R., Langlais, P.J., 1998. Effects of lesions of thalamic and midline
nuclei and internal medullary lamina on spatial memory and object discrimina-
tion. Behav. Neurosci. 122, 1339–1352.
Seki, M.,  Zyo, K., 1984. Anterior thalamic afferents from the mammillary body and
the limbic cortex in the rat. J. Comp. Neurol. 229, 242–256.
Sharp, P.E., Koester, K., 2008. Lesions of the mammillary body region alter hippocam-
pal  movement signals and theta frequency: implications for path integration
models. Hippocampus 18, 862–878.
Shibata, H., 1988. A direct projection from the entorhinal cortex to the mammillary
nuclei in the rat. Neurosci. Lett. 90, 6–10.
Shibata, H., Kato, A., 1993. Topographic relationship between the anteromedial tha-
lamic nucleus neurons and their cortical terminal ﬁelds in the rat. Neurosci. Res.
17, 63–69.
Stackmam, R.W., Taube, J.S., 1998. Firing properties of rat lateral mammillary single
units: head direction, head pitch, and angular head velocity. J. Neurosci. 18,
9020–9037.
Sutherland, R.J., Rodriguez, A.J., 1989. The role of the fornix/ﬁmbria and some related
subcortical structures in place learning and memory. Behav. Brain Res. 32,
265–277.
Swanson, L.W., Cowan, W.M.,  1977. An autoradiographic study of the organization
of  the efferent connections of the hippocampal formation in the rat. J. Comp.
Neurol. 172, 49–84.
Sziklas, V., Petrides, M.,  1993. Memory impairment following lesions to the mam-
millary region of the rat. Eur. J. Neurosci. 5, 525–540.
Sziklas, V., Petrides, M.,  1999. The effects of lesions to the anterior thalamic nuclei
on object-in-place associations in rats. Eur. J. Neurosci. 11, 559–566.
Sziklas, V., Petrides, M.,  2000. Selectivity of the spatial learning deﬁcit after lesions
of  the mammillary region in rats. Hippocampus 10, 325–328.
Takeuchi, Y., Allen, G.V., Hopkins, D.A., 1985. Transnuclear transport and axon collat-
eral  projections of the mammillary nuclei in the rat. Brain Res. Bull. 14, 453–468.
Taube, J.S., 2007. The head direction signal: origins and sensory-motor integration.
Annu. Rev. Neurosci. 30, 181–207.
Taube, J.S., Muller, R.U., Rank Jr., J.B., 1990a. Head-direction cells recorded from the
postsubiculum in freely moving rats I. Description and quantitative analysis. J.
Neurosci. 10, 420–435.
Taube, J.S., Muller, R.U., Rank Jr., J.B., 1990b. Head-direction cells recorded from the
postsubiculum in freely moving rats II. Effects of environmental manipulations.
J.  Neurosci. 10, 436–447.
Teuber, H.L., Milner, B., Vaughan, H.G., 1968. Persistent anterograde amnesia after
stab  wound of the basal brain. Neuropsychologia 6, 267–282.
Thinschmidt, J.S., Kinney, G.G., Kocsis, B., 1995. The supramammillary nucleus: is
it  necessary for the mediation of hippocampal theta rhythm? Neuoscience 67,
301–312.
Tonkiss, J., Rawlins, J.N., 1992. Mammillary body lesions and restricted subicular
output lesions produce long-lasting DRL performance impairments in rats. Exp.
Brain Res. 90, 572–582.
Tsanov, M.,  Wright, N., Vann, S.D., Erichsen, J.P., Aggleton, J.P., O’Mara, S.M., 2011a.
Hippocampal inputs mediate theta-related plasticity in anterior thalamus. Neu-
roscience 187, 52–62.
Tsanov, M.,  Vann, S.D., Erichsen, J.P., Wright, N., Aggleton, J.P., O’Mara, S.M.,
2011b. Differential regulation of synaptic plasticity of the hippocampal and the
hypothalamic inputs to the anterior thalamus. Hippocampus 21, 1–8.
Tsanov, M.,  Chah, E., Vann, S.D., Reilly, R.B., Erichsen, J.P., Aggleton, J.P., O’Mara,
S.M., 2011c. Theta-modulated head direction cells in the rat anterior thalamus.mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
J.  Neurosci. 31, 9489–9502.
Tsanov, M.,  Chah, E., Wright, N., Vann, S.D., Reilly, R.B., Erichsen, J.P., Aggleton,
J.P., O’Mara, S.M., 2011d. Oscillatory entrainment of thalamic neurons by theta
rhythm in freely moving rats. J. Neurophysiol. 105, 4–17.
 ING ModelN
1 d Biob
T
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
lum: implications for the control of head direction cells. Hippocampus 21,ARTICLEBR-2002; No. of Pages 12
2 C.M. Dillingham et al. / Neuroscience an
sivilis, D., Vann, S.D., Denby, C., Roberts, N., Mayes, A.R., Montaldi, D., Aggleton, J.P.,
2008. A disproportionate role for the fornix and mammillary bodies in recall vs.
recognition memory. Nat. Neurosci. 11, 834–842.
an Groen, T., Wyss, J.M., 1990. The postsubicular cortex in the rat: characterization
of  the fourth region of the subicular cortex and its connections. Brain Res. 529,
165–177.
an Groen, T., Kadish, I., Wyss, J.M., 1999. Efferent connections of the anteriomedial
nucleus of the thalamus of the rat. Brain Res. Rev. 30, 1–26.
an Groen, T., Kadish, I., Wyss, J., 2002. Role of the anterodorsal and anteroventral
nuclei of the thalamus in spatial memory in the rat. Behav. Brain Res. 132, 19–28.
an der Werf, Y.D., Witter, M.P., Uylings, H.B., Jolles, J., 2000. Neuropsychology of
infarctions in the thalamus: a review. Neuropsychologia 38, 613–627.
an der Werf, Y.D., Jolles, J., Witter, M.P., Uylings, H.B., 2003a. Contributions of
thalamic nuclei to declarative memory functioning. Cortex 39, 1047–1062.
an der Werf, Y.D., Scheltens, P., Lindeboom, M.P., Witter, H.B., Uylings, H.B., Jolles, J.,
2003b. Deﬁcits of memory, executive functioning and attention following infarc-
tion in the thalamus; a study of 22 cases with localised lesions. Neuropsychologia
41, 1330–1344.
ann, S.D., 2005. Transient spatial deﬁcit associated with bilateral lesions of the
lateral mammillary bodies. Eur. J. Neurosci. 21, 820–824.
ann, S.D., 2009. Gudden’s ventral tegemental nucleus is vital for memory: re-
evaluating disecephalic inputs for amnesia. Brain 132, 2372–2384.
ann, S.D., 2010. Re-evaluating the role of the mammillary bodies in memory. Neu-
ropschologia 48, 2316–2327.
ann, S.D., 2011. A role for the head-direction system in geometric learning. Behav.
Brain Res. 224, 201–206.
ann, S.D., 2013. Dismantling Papez circuit for memory in rats. Elife,
http://dx.doi.org/10.7554/eLife.00736.
ann, S.D., Aggleton, J.P., 2003. Evidence of a spatial encoding deﬁcit in rats with
lesions of the mammillary bodies or mammillothalamic tract. J. Neurosci. 23,
3506–3514.
ann, S.D., Aggleton, J.P., 2004. The mammillary bodies: two memory systems in
one? Nat. Rev. Neurosci. 5, 35–44.
ann, S.D., Albasser, M.M., 2009. Hippocampal, retrosplenial, and prefrontal hypoac-
tivity in a model of diencephalic amnesia: Evidence towards an independent
subcortical-memory network. Hippocampus 19, 1090–1102.
ann, S.D., Albasser, M.M.,  2011. Hippocampus and neocortex: recognition and spa-
tial  memory. Curr. Opin. Neurobiol. 21, 440–445.
ann, S.D., Honey, R.C., Aggleton, J.P., 2003. Lesions of the mammillothalamic tract
impair the acquisition of spatial but not nonspatial contextual discriminations.
Eur. J. Neurosci. 18, 2413–2416.Please cite this article in press as: Dillingham, C.M., et al., How do ma
Neurosci. Biobehav. Rev. (2014), http://dx.doi.org/10.1016/j.neubiorev
ann, S.D., Saunders, R.C., Aggleton, J.P., 2007. Distinct, parallel pathways link the
medial mammillary bodies to the anterior thalamus in macaque monkeys. Eur.
J.  Neurosci. 26, 1575–1586.
ann, S.D., Tsivilis, D., Denby, C.E., Quamme, J., Yonelinas, A.P., Aggleton, J.P., Mon-
taldi, M.,  Mayes, A.R., 2009. Impaired recollection but spared familiarity in PRESS
ehavioral Reviews xxx (2014) xxx–xxx
patients with extended hippocampal system damage: convergence across three
methods. Proc. Nat. Acad. Sci. U.S.A. 106, 5442–5447.
Vann, S.D., Erichsen, J.T., O’Mara, S.M., Aggleton, J.P., 2011. Selective disconnection
of  the hippocampal formation projections to the mammillary bodies produces
only mild deﬁcits on spatial memory tasks: implications for fornix function.
Hippocampus 21, 945–957.
Veazey, R.B., Amaral, D.G., Cowan, W.M.,  1982. The morphology and connections of
the  posterior hypothalamus in the cynomolgus monkey (macaca-fascicularis).
2.  Efferent connections. J. Comp. Neurol. 207, 135–156.
Vertes, R.P., Hoover, W.B., Di Prisco, G.V., 2004. Theta rhythm of the hippocampus:
Subcortical control and functional signiﬁcance. Behav. Cogn. Neurosci. Rev. 3,
173–200.
Warburton, E.C., Baird, aL., Aggleton, J.P., 1997. Assessing the magnitude of the allo-
centric spatial deﬁcit associated with complete loss of the anterior thalamic
nuclei in rats. Behav. Brain Res. 87, 223–232.
Warburton, E.C., Morgan, A., Baird, A.L., Muir, J.L., Aggleton, J.P., 1999. Does pretrain-
ing spare the spatial deﬁcit associated with anterior thalamic damage in rats?
Behav. Neurosci. 113, 956–967.
Warburton, E.C., Baird, A.L., Muir, J.L., Aggleton, J.P., 2001. The conjoint importance
of  the hippocampus and anterior thalamic nuclei for allocentric spatial learning:
evidence from a disconnection study in the rat. J. Neurosci. 21, 7323–7330.
Warburton, E.C., Aggleton, J.P., 1999. Differential effects in the Morris water maze fol-
lowing cytotoxic lesions of the anterior thalamus and fornix transection. Behav.
Brain Res. 98, 27–38.
Wilton, L.A.K., Barid, A.L., Muir, J.L., Honey, R.C., Aggleton, J.P., 2001. Loss of the tha-
lamic nuclei for head direction impairs performance on social memory tasks in
rats.  Behav. Neurosci. 115, 861–869.
Winter, S.S., Wagner, S.J., McMillin, J.L., Wallace, D.G., 2011. Mammillothalamic tract
lesions disrupt dead reckoning in the rat. Eur. J. Neurosci. 33, 371–381.
Wolff, M.,  Gibb, S.J., Dalrymple-Alford, J.C., 2006. Beyond spatial memory: the ante-
rior  thalamus and memory for the temporal order of a sequence of odor cues. J.
Neurosci. 15, 2907–2913.
Wolff, M., Gibb, S.J., Caseel, J.C., Dalrymple-Alford, J.C., 2008. Anterior but not
intralaminar nuclei support allocentric spatial memory. Neurobiol. Learn. Mem.
90, 71–80.
Wright, N.F., Erichsen, J.T., Vann, S.D., O’Mara, S.M., Aggleton, J.P., 2010. Parallel but
separate inputs from limbic cortices to the mammillary bodies and anterior
thalamic nuclei in the rat. J. Comp. Neurol. 518, 2334–2354.
Yoder, R.M., Taube, J.S., 2011. Projections to the anterodorsal thalamus and lateral
mammillary nuclei arise from different cell populations within the postsubicu-mmillary body inputs contribute to anterior thalamic function?
.2014.07.025
1062–1073.
Yoneoka, Y., Takeda, N., Inoue, A., Ibuchi, Y., Kumagai, T., Sugai, T., Takeda, K., Ueda,
K., 2004. Acute Korsakoff syndrome following mammillothalamic tract infaction.
Am.  J. Neuroradiol. 25, 964–968.
